Optical characteristics of single wavelength-tunable InAs/InGaAsP/InP(100) 

quantum dots emitting at 1.55 /im 
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We have studied the emission properties of individual InAs quantum dots (QDs) grown in an 
InGaAsP matrix on InP(lOO) by metal-organic vapor-phase epitaxy. Low-temperature micropho- 
toluminescence spectroscopy shows emission from single QDs around 1550 nm with characteristic 
exciton-biexciton behavior, and a biexciton antibinding energy of more than 2 meV. Temperature- 
dependent measurements reveal negligible optical-phonon induced broadening of the exciton line up 
to 50 K, and emission from the exciton state clearly persists above 70 K. Furthermore, we find no 
measurable polarized fine structure splitting of the exciton state within the experimental precision. 
These results are encouraging for the development of a controllable photon source for fiber-based 
quantum information and cryptography systems. 



There is currently considerable interest in the de- 
velopment of self-assembled quantum dot (QD) struc- 
tures for novel telecommunication applications, such as 
low-threshold lasersi and non-classical light sources for 
quantum cryptography^ In the latter case, an optical 
fiber-based system requires the development of an effi- 
cient single-photon source operating in the fiber trans- 
mission bands above 1260 nm. QD structures grown 
by metalorganic vapor-phase epitaxy (MOVPE) are very 
attractive commercially due to the high growth rates 
achievable and the potential for monolithic integration 
into existing devices. Recently we have reported on 
the photoluminescence (PL) characteristics of MOVPE 
grown InAs/InGaAs single QDs emitting at 1.3 ^mi^ For 
longer wavelength applications InAs/InP QDs are nor- 
mally used; however, due to the small lattice mismatch 
careful control of the growth conditions is required to re- 
alize emission around 1.55 /im.'*'^'^ To date, there have 
been only a few investigations into single QDs emitting 
in the important C-band region between 1.53-1.57 /im; 
these have used selective area chemical-beam epitaxy,'' 
and very recently MOVPE techniques.^'^ However, in the 
latter cases the QDs were not optimized for low temper- 
ature device applications, and suffered from a broad lu- 
minescence spectrum and low emission intensity at 1.55 
yLtm relative to that at shorter wavelengths. 

Here, we report on the emission properties of InAs QDs 
embedded in an InGaAsP matrix by MOVPE. Wave- 
length optimization has been achieved via the insertion of 
ultra-thin GaAs inter layers. We present low-temperature 
PL spectra from a single QD with an emission wavelength 
around 1550 nm. Power-dependent measurements clearly 
reveal the formation of an exciton-biexciton system; the 
biexciton is found to be antibinding with an emission en- 
ergy of more than 2 meV relative to the exciton. The ex- 
citon linewidth shows negligible optical phonon induced 
broadening up to 50 K. In addition, emission from dis- 
crete electronic states is seen clearly above 70 K, which 



suggests that these QDs may be used as a single photon 
source operating at liquid-nitrogen temperatures. 

The QD sample was grown at 500 °C by low-pressure 
MOVPE on an InP (100) substrate misoriented 2° to- 
ward (110). A 100 nm InP buffer layer and 100 nm 
lattice-matched InGaAsP layer (Aq = 1.25 /xm) were de- 
posited, followed by 2 monolayers (MLs) of GaAs (growth 
rate 0.16 ML/s). The QDs were formed from 3 MLs of 
InAs, with a 5 second growth interruption and an up- 
per 100 nm InGaAsP layer. On top of this second In- 
GaAsP layer, growth of the GaAs interlayer and InAs 
QDs was repeated at the same conditions for atomic force 
microscopy (AFM) measurements; from these we obtain 
a QD sheet density of ~10^° cm~^. The GaAs inter- 
layer suppresses As/P exchange during QD growth, thus 
reducing the QD height and blue-shifting the emission 
wavelength by a controllable amount. A detailed descrip- 
tion of the sample growth procedure and the macroscopic 
optical characteristics are published elsewhere. 

To obtain single dot spectroscopy, mesa structures 
were fabricated by electron-beam lithography and dry 
etching with lateral sizes between 200 nm and 2 /zm. 
Micro-PL measurements were taken using a continuous- 
wave (CW) Ar+ laser (488 nm) focused to a ~3 /xm spot; 
the luminescence was dispersed in a 0.5 m spectrometer 
and detected with a nitrogen cooled InGaAs photodiode 
array (instrument resolution Pres — 65 /.ieV) . The sample 
temperature was controlled using a continuous-flow He 
cryostat. 

PL spectra from a 500 nm mesa at 5 K are shown in 
Fig- n for various excitation powers. At the lowest power 
there is a single sharp emission line X in the spectral 
window between 1525-1580 nm. With increasing power 
additional lines appear in the spectrum; in particular 
the line 2X develops superlinearly 2.3 meV above the 
emission energy of X. The lines X and 2X are attributed 
to recombination from the neutral exciton and biexciton 
states, respectively, of a single QD. This assignment has 
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FIG. 1: (Color online) PL spectra from a single QD in a 500 
nm mesa, at different excitation powers. Peaks X and 2X are 
attributed to neutral exciton and biexciton emission, respec- 
tively. (Inset) X emission resolved into horizontally (H) and 
vertically (V) polarized components. The solid and dashed 
lines are Lorentzian fits. 



been confirmed by plotting the integrated intensities of 
these lines as a function of laser power, as shown in Fig. 
12 fits to the data give almost ideal linear and quadratic 
behavior for the X and 2X hues respectively, which sug- 
gests a low scattering rate by impurities and defects for 
this particular dot.^^ The other spectral lines observed 
at higher powers most likely originate from charged- and 
multi-exciton statesii^ From a study of other QDs on the 
sample, we find similar exciton-biexciton behavior with 
2X recombination energies in the range 2-5 meV above 
the X line. This 'antibinding' of the biexciton state has 
been observed previously in InAs/GaAs dots and results 
from a reduction in exchange and correlation effects be- 
tween the two localized excitons relative to the repulsive 
direct Coulomb interactionii^ This effect is consistent 
with the small dot aspect ratio (height /base diameter) 
of 0.09 expected from the growth conditions. 

The inset in Fig.^shows the X line resolved into hori- 
zontally and vertically polarized components. Lorentzian 
fits to the data suggest a fine-structure splitting of <10 
/icV, which is smaller than the instrument precision and 
fitting error. This indistinguishability is an important 
issue in the production of polarization entangled pho- 
ton pairs for quantum information applications.-'^'* Fur- 
thermore, these dots show a very similar emission inten- 
sity under pulsed (80 MHz) excitation from a Ti:sapphire 
laser which is necessary for controlled generation of single 
photons. 

Figure |2| shows temperature-dependent PL spectra 
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FIG. 2; Integrated intensities of the X and 2X peaks in Fig. 
Q as a function of CW laser power. Solid lines are linear fits 
to the data. 
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FIG. 3: PL spectra from the same QD as in Fig.Q normalized 
to the X integrated intensity, as a function of temperature. 
The laser power was Pq, indicated in Fig. |5| 



from the same QD studied in Fig. ^ normalized to the 
integrated intensity of the X line. The exciton emission 
intensity and linewidtbi^ determined from these spectra 
are plotted in Fig. 0] the exciton line appears thermally 
stable over the measured temperature range, with the in- 
tensity at 70 K only dropping to approximately half of 
the maximum value. A fit to the data gives a thermal 
activation energy of 14 meV. We have observed similar 
behavior in other QDs on the sample, with well resolved 
emission from the exciton state at 77 K. 

At low temperatures the exciton-optical phonon inter- 
action is negligible and the X linewidth F has a linear 
temperature dependence due to acoustic phonon scatter- 
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FIG. 4: (Color online) (Bottom- left axes) Temperature depen- 
dence of the corrected exciton PL linewidth F (triangles). The 
solid line is a linear fit over low temperatures. (Top-right 
axes) Temperature dependence of the exciton PL integrated 
intensity. A data fit (dashed line) gives an activation energy 
of 14 meV. Note, the two horizontal axes do not correspond 
exactly. 



ing: r(r) = Fo + aT, where Fo is the Hnewidth at 
K. A Unear fit of the data in Fig. 2| gives a = 0.9 ±0.2 
lieV/K, and Fq ~ 50 /xeV. The value of a is similar to 
those previously reported for other QD systems, ^^"^^ and 
significantly smaller than that of a quantum well system 



due to the absence of final states for scattering. Above 
50 K there is a sharp increase in linewidth due to optical 
phonon scattering, and the line shape strongly deviates 
from a Lorentzian profile.-''^ From different QDs we find 
similar values for a, but large variations in Fq; this latter 
effect is most likely due to the influence of charge fluc- 
tuations on the mesa sidewalls when using nonresonant 
laser excitation^— 

In conclusion, we have studied the emission proper- 
ties of individual InAs/InGaAsP QDs grown on InP(lOO) 
by MOVPE; the insertion of a thin GaAs interlayer has 
enabled tuning of the QD emission wavelength to 1.55 
fim for telecom applications. We observe almost ideal 
exciton-biexciton behavior at low temperatures, with a 
biexciton antibinding energy of more than 2 meV. The 
exciton line shows negligible broadening from optical 
phonon scattering up to 50 K and appears thermally sta- 
ble at higher temperatures, with clearly resolvable emis- 
sion above 70 K. Furthermore, there is no measurable 
fine structure splitting within the experimental preci- 
sion. These results suggest that QDs fabricated with 
this growth technique may be suitable as an on-demand 
single photon source at liquid nitrogen temperatures, for 
fiber-based quantum information and cryptography sys- 
tems. 
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